One of the basic principles that nature uses in evolution is to recycle successful concepts and create new functions by modifying existing units. This conservatism in evolution has resulted in an astonishingly high sequence identity of genes, even between evolutionarily distant species such as the nematode Caenorhabditis elegans and Homo sapiens. The recycling of successful concepts in conjunction with gene duplication events has also led to the existence of highly homologous proteins within the genome of many species. Often, these homologous proteins show similar, yet distinct functions that, in combination with their individual tissue distribution, define their specific physiological role. One prominent example is the p53 protein family, which consists of p53, p63, and p73. Recent advances in understanding the specific biological functions of these members have shed some light onto the evolution of this crucial protein family, from a germ line-specific quality-control factor to a somatic tumor suppressor. Furthermore, structures of the oligomerization domains of the mammalian paralogs, p53 and p73, and invertebrate orthologs, CEP-1 and DMP53, have delineated evolutionary changes and revealed that the oligomerization domain of p53 lacks additional stabilizing structural elements present in all other p53 family members. This suggests that p53 is the most recent evolutionary member of this protein family and predicts a mechanism for p53 activation.
T he step from single-cell organisms to multicellular ones and in particular, the invention of renewable tissue have not only laid the foundation for the evolution of a great variety of different species that consist of different, highly specialized tissues but also created threats, such as the development of tumors. To counter this threat, nature has developed tumor-suppressor proteins that monitor the genetic stability of cells and eliminate cells with genetic defects. Arguably, the most important and certainly the most famous of these tumor suppressors is p53 (1) (2) (3) . Its importance for the suppression of tumor development in humans has led to its nickname of the guardian of the genome because of the fact that more than 50% of all human cancers show mutations in p53 (4) and that in many remaining cases, p53 is inactivated by other mechanisms. The discovery of two homologous proteins, named p73 (5) and p63 (6) (7) (8) (9) , with high sequence identity originally led to the suggestion that p63 and p73 must be tumor suppressors as well and that tumor suppression and genetic surveillance are maintained by an entire network of similar proteins (10, 11) . This view was further supported by the observation that p73 is located on a chromosomal stretch that is often deleted in neuroblastomas where the location of one or more tumor suppressors was expected (5, (12) (13) (14) (15) .
Surprisingly, however, knockout mouse studies of all three family members resulted in very different phenotypes, showing that both p63 and p73 are involved in developmental processes. These studies created serious doubts about the classification of both proteins as tumor suppressors, despite their high sequence identity with p53. More recent studies, however, revealed links to tumor suppression for p63 and p73 by discovering their role in quality surveillance of female oocytes. In addition, functions for p53 in developmental processes and stemcell maintenance were discovered, which further closed the gap in our understanding of the functional relationship between p63/ p73 on the one hand and p53 on the other hand (Table S1 ). These results have made it now possible to describe the evolutionary pathway of this very important class of proteins. In this article, we will describe, in detail, the functional and structural characteristics of all three family members that have initially led to the difficulties in understanding the common origin of all three proteins and the discovery of similarities that now constitutes the basis for our current understanding. We will focus on the description of mouse studies and results of structure-determination projects. We have abstained from a detailed description of transcriptional networks and protein-protein interactions, because several excellent reviews in this area are available (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) and we believe that the evolutionary relationship can best be seen in the in vivo investigations and the structures of individual domains.
p53, p63, and p73 Are Expressed as Multiple Isoforms Created by the Combination of Different Promoters and Splicing Events Originally, p53 was described as a single protein of 393 amino acids that consists of an N-terminal transactivation domain (amino acids 1-56), a proline-rich domain (57-101), a central DNA-binding domain , an oligomerization domain (327-355) that is essential to form the active tetrameric state, and a C-terminal regulatory domain (356-393) (26) (27) (28) . In contrast, both p73 and p63 were discovered as several different isoforms (5, 6, 29, 30) . These are created by combining two promoters that express either form containing the fulllength N-terminal transactivation domain (TA isoforms) or truncated forms (ΔN) that lack the first ∼55 amino acids with several C-terminal splice variants (Fig. S1 ). Whereas the isoforms with the shortest C termini (TAp63γ,δ,ε and TAp73γ,δ) show a very similar domain organization as p53, the isoforms with the longest C termini (TAp63α and TAp73α) contain additional domains that are not present in p53. The sterile α motif (SAM) domain (31) is a folded, globular domain type that is present in many other proteins and is believed to be a domain that promotes protein-protein interactions. A second domain (417-508 in p63) that is rich in prolines and serines seems to be unstructured but can act as a transactivation domain when fused to the DNA-binding domain of Gal4 (32) . Finally, both proteins contain, at their very C terminus, a transcriptional inhibitory domain (TID) that regulates their transcriptional activities (33) (34) (35) .
The discovery of the p63/p73 isoforms led to reinvestigations of p53 and the identification of different isoforms for p53 as well (36) (37) (38) (39) (Fig. S1 ). Just like p63 and p73, p53 uses a second promoter to create a Δ133p53 isoform that lacks the TAbinding and parts of the DNA-binding domains and that acts as a dominant negative form for wild-type p53. An additional N-terminal variant, Δ40, is created by a splicing event that results in a different N terminus. At the C terminus, β-and γ-isoforms exist that lack the oligomerization domain, and the variant called Δp53 misses the C-terminal part of the DNA-binding domain. For some of these isoforms, their specific biological functions have started to emerge. It was shown that Δ133p53 and p53β are involved in regulating p53-mediated replicative senescence, with p53β promoting and Δ133p53 inhibiting senescence (36) . Interestingly, different isoforms are not only found in mammalian members of the p53 protein family. Proteins with sequence similarity to p53 have also been identified in many different invertebrate species (40) (41) (42) , including the two important model organisms Drosophila melanogaster and Caenorhabditis elegans (43) (44) (45) (Table S2 ). For the p53-like gene of Drosophila, dmp53, the existence of an internal promoter has been shown (38) , and for the C. elegans gene, cep1, it has been predicted (www.wormbase.org), showing that this internal promoter is conserved throughout evolution.
Inactivation of p53, p63, or p73 in Mice Results in Very Different Phenotypes Despite the high sequence identity between all three proteins, serious doubts about the classification of p73 and p63 as classical tumor-suppressor proteins were cast originally by the analysis of the p63 and p73 knockout mice. Although p53 knockout mice are mainly characterized by their high frequency of developing tumors at very early age (46, 47) , both the p63 and p73 knockout mice show severe developmental defects (48) (49) (50) . Inactivation of all p73 isoforms by destroying the DNA-binding domain results in hippocampal dysgenesis, hydrocephalus, chronic infections, and inflammation as well as abnormalities in pheromone-sensory pathways. An increased susceptibility to the development of tumors, however, was not observed (49) , and mutations of p73 in human tumors are rare (51, 52) .
The p63 knockout mice show even more pronounced developmental defects, such as severe limb truncations and lack of a multilayered skin and other epithelial structures (48, 50) . The p63 knockoutmouse studies led to the identification of mutations in the human p63 gene as the cause for six different human syndromes that are characterized by limb truncations, cleft lip and palates, and/or skin abnormalities (53) (54) (55) (56) . The combination of these patient data, knockout-mice studies, and observations that p63 is highly expressed in the basal layer of stratified epithelial tissues, including skin, resulted in the model that p63 plays a major role in maintaining stem cells in the basal layer of epithelia tissues (48, 57) . A different model of the role of p63 in skin development was based on results obtained with a different knockout mouse (50, 58) . According to this model, p63 is important for the commitment of cells to the epithelial lineage. Both models, however, ascribe p63 an essential role for the development of the skin, other stratified epithelial tissues, and their appendages. In contrast to this clear developmental function of p63, thus far, there is no direct evidence that p63 also acts as a tumor suppressor. Although the early lethality of the newborn p63 −/− mice prevents a detailed study of the development of spontaneous tumors in these mice, analysis of tumor cells from human patients revealed only a few mutations, disfavoring the classification of p63 as a tumor suppressor, despite its high sequence identity with p53. This view was further supported by the absence of an elevated number of tumors in human patients bearing heterozygote p63 mutations (52) . According to the Knudson two-hit model (59) , these patients with only one functional p63 allele should show a higher susceptibility to develop malignancies. A higher risk to develop cancer has been shown in mice with only one functional p53 allele (60) . The significance of the absence of tumors in human patients with p63 mutations is, however, limited by the small number of patients with p63-related syndromes. (Table  S1 ) was difficult to reconcile in light of the very high sequence identity of all three family members. The first breakthrough in understanding the evolutionary relationship of all three proteins was the discovery of p53-like proteins in invertebrate species (40) (41) (42) , particularly in the two important model organisms C. elegans (43, 61) and D. melanogaster (44, 45) (Table S2 ). The nematode C. elegans contains exactly 959 somatic cells as an adult worm with no renewable tissue, a short life span of 2-3 wk, and no threat from cancer. However, its genome contains one p53-like gene, called cep-1, which initiates apoptosis in female germ cells in response to DNA damage by inducing the two BH-3 (Bcl-2 homology 3)-only proteins, EGL-1 (egg laying abnormal-1) and CED-13 (cell death abnormality protein 13) (62) . In addition, CEP-1 (C. elegans protein 1) is required for normal meiotic chromosome segregation in the germ cells (43) . In contrast to p53, CEP-1 does not seem to induce cell-cycle arrest after DNA damage. These results suggested that cep-1 is not a tumor-suppressor gene but a quality-control factor for the female germ line that ensures that oocytes with genetic defects are eliminated. If one accepts that the invertebrate p53-like proteins are the evolutionary ancestors of the three mammalian p53 family members, functional similarities between CEP-1 and mammalian proteins should still exist. Isoform-specific knockout studies of p63 and p73 in mice in which only the TA isoforms that contain the full-length N-terminal transactivation domain were deleted indeed showed that these isoforms have functions in mammalian female germ cells similar to CEP-1 (63, 64) . Staining of late-stage mouse embryos with TA isoform-specific monoclonal antibodies revealed that the TAp63α isoform is highly expressed in the nuclei of oocytes but not in the testes and male germ cells (65) . Expression of TAp63α could be detected from embryonic day 18.5 forward, and at postnatal day 5, all oocytes showed strong expression. At that point, murine oocytes are arrested in prophase of meiosis I (dictyate arrest) waiting for recruitment for ovulation. After oocytes advance past this arrest and are recruited for ovulation, TAp63α expression is lost. The similar expression pattern in female germ cells of CEP-1 and TAp63α suggested that this p63 isoform might also play a decisive role in maintaining the genetic integrity of oocytes. Inducing DNA damage in mice with γ-irradiation indeed resulted in phosphorylation of p63, an ∼20-fold increase in its DNA-binding affinity, and elimination of all primordial oocytes, whereas the larger preantral oocytes were not affected (65) . Specific deletion of TAp63 in mice revealed that the oocytes of these knockout mice were resistant to ionizing irradiation at all developmental stages, showing the link between TAp63α and DNA damageinduced cell death in female germ cells.
Isoform-specific knockout studies with p73 showed similar surprising results: deletion of TAp73 isoforms in mice resulted in their infertility. Although the complete knockout of all p73 isoforms also led to infertility because of abnormalities in the pheromone-sensing pathways (49), TAp73 knockout mice showed normal mating behavior and female mice exhibited normal cyclicity (63) . More detailed analysis showed that oocytes taken from 3-to 4-wk-old TAp73 knockout mice showed a high percentage of spindle abnormalities, including multipolar spindles, spindle relaxation, and spindle scattering accompanied by varying degrees of misalignment (63, 64) . Further in vitro investigations of fertilized oocytes revealed a significantly reduced rate of zygotes developing into blastocysts compared with wild-type mice. In addition, those blastocysts that developed showed abnormal cell numbers, leading to an arrest of embryonic development and suggesting a role of p73 in controlling chromosomal segregation (63) .
Quality Control Is the Common Function of All Three Family Members
The knockout studies of the complete genes had revealed important roles for both p63 and p73 in development. The phenotypes of the p63 and p73 knockout mice were dominated by the developmental defects, which completely concealed the role of both proteins as qualitycontrol factors in the female germ line. This function became observable only in the TA-specific knockout mice, also showing that the quality-control function is maintained by the TA isoforms. The developmental tasks, in the case of p63, seem to be mainly controlled by the ΔN isoforms. How can both the developmental tasks and the quality-control function be explained from an evolutionary perspective? At least in the case of p63, a functional link between its role as a quality-control factor in female germ cells and its function as a stem-cell factor in epithelial stem cells might be the stemcell character of both cell types. With the appearance of renewable tissue, stem cells became an important and powerful new type of cell that, however, also introduced additional risks. Although the concept of cancer stem cells is still debated, it is evident that nature needed a control system to harness and regulate the power of these stem cells. Although the molecular mechanisms by which ΔNp63α maintains the stemness are still unknown, it seems likely that this control system developed based on the quality-control function of p63 in female germ cells. The assignment of specific biological functions to individual isoforms of p63 and p73 suggests an evolutionary path from a p63-like ancestor that acted as a quality-control factor in germ cells to the tumor suppressor p53.
This evolutionary theory is further supported by recent investigations that have revealed some tumor suppressor-like functions of the other p53 family members. In the case of p73, surveillance of genetic stability is not restricted to female germ cells but also occurs in somatic cells. Analysis of TAp73-specific knockout mice revealed that this mouse-in contrast to the complete knockout mouse-develops malignancies spontaneously, particularly lung adenocarcinomas (63) . In addition, these mice show an increased susceptibility to cancer-inducing chemical agents. Further analysis of mouse embryonic fibroblasts (MEFs) obtained from TAp73 −/− mice treated with nocodozole revealed a decrease in mitotic arrest and a concomitant increase in cells with an abnormal number of chromosomes. Furthermore, several studies have suggested a link between the tumor-suppressor potential of p53 and p73. Mice heterozygous for both proteins show a higher tumor burden and metastasis compared with heterozygous p53 mice (66) . In addition, the tumor spectrum is different between p53
−/− p73 +/− , and p53 −/− p73 −/− mice (67). This additive effect of both proteins, however, seems to be tissue-and cell-type specific, because other studies revealed no additional effect of inactivating p73 (68, 69) .
The role of p63 in tumorigenesis is more controversial. Mice heterozygous for p63 (p63 +/− ) were either found to be not tumor-prone and not sensitive to chemicalinduced tumorigenesis (70) or to develop tumors spontaneously, albeit at older age (66) . Using conditional knockout mice, it was shown that TAp63 isoforms inhibit tumorigenesis by promoting senescence in a p53-independent pathway (71, 72) .
Interestingly, recent research has not only built a bridge between the developmental functions and potential tumor suppressor roles for p63 and p73, it has also shown that p53 is an important factor for stem cells, thus defining a new function of p53 that is more related to the other two family members. The reprogramming of somatic stem cells to induced pluripotent stem (iPS) cells is more efficient if p53 is either deleted or down-regulated, particularly in the presence of DNA damage (73) (74) (75) (76) (77) . This suggests that p53 constitutes an important check point not only in tumorigenicity but also in iPS cell generation. A connection between p53 and the status of stem cells has been observed in hematopoietic, neuronal, and embryonic stem cells as well. In hematopoietic stem cells, p53 promotes quiescence by up-regulating two target genes, Gfi-1 and Necdin (78), whereas in adult neuronal stem cells, p53 suppresses selfrenewal (79) . In embryonic stem cells, it was shown that p53 regulates the Wnt signaling pathway (80) and binds to the promoter of Nanog, resulting in the inhibition of NANOG expression (81) . This protein is needed for the self-renewal of these stem cells, and its down-regulation leads to the induction of differentiation. In addition, p53 seems to regulate the polarity of cell division in stem cells. Loss of p53 in mammary stem cells results in a significant increase in the number of these cells because of symmetric division (82) . In addition, restoration of p53 activity in cancer stem cells correlates with the reinitiation of asymmetric divisions and reduction in tumor growth, again showing the connection between p53 and asymmetric stem-cell division (82) . This asymmetric division might be regulated by interaction of p53 with NUMB, an antagonist of the NOTCH receptor family, which is known to be involved in asymmetric cell divisions (83) . NUMB forms a complex with MDM2 and p53, preventing degradation of p53 (84) . Furthermore, p53 is also involved in regulating maternal reproduction in mice by controlling the expression level of leukemia inhibitory factor (LIF), a factor that is essential for the implantation of blastocysts into the uterus (85) . Inactivating p53 results in reduced pregnancy rates and reduced litter size in mice. Finally, p53 deficiency in certain mouse strains leads to failure of neural tube closure and overgrowth of the neural tissue in the mid-brain during embyogenesis (86, 87) . All these data suggest a function for p53 in certain developmental processes and in particular, in regulating the self-renewal potential of stem cells, possibly one of the evolutionary older functions of this protein and closely related to the functions of the other p53 protein family members.
Structural Evolution
The evolutionary path described above is based on the investigation of biological functions. These results are, however, also supported by structure determination of individual domains of family members. So far, the DNA-binding domain (DBD) has been the focus of structural investigations, in part because most cancer-causing mutations in p53 are found in this domain. At the moment, several structures of the p53 wild-type and mutated DNA-binding domain in isolation as well as in complex with DNA from human and mouse have been determined (88) (89) (90) (91) (92) (93) (94) (95) (96) (97) (98) . In addition, the structure of the DNA-binding domain of human p63 [Protein Data Bank (PDB) identifier (ID) 2RMN] and C. elegans CEP-1 protein (99) were solved. Although p53 and p63 show a high-sequence identity within the DNA-binding domain with all amino acids that contact DNA being conserved, the DBD of CEP-1 shows a low-sequence identity of only 20% (99) . Despite this lowsequence identity, the overall fold of all three proteins is very similar (Fig. S2) . The main difference is the existence of small α-helices in regions that have loops in p53 and p63. These loops are involved in contacting the DNA and coordinating an important zinc ion. However, despite some reorientations of several important side chains that are crucial for contacting DNA in human p53, DNA-binding experiments have revealed an almost identical sequence preference even between CEP-1 and human p53, showing a significant degree of structural conservation of the DBD and its sequence preference throughout evolution (99) .
Although the DBD does not reflect the diversity in the biological functions of the p53 family members, other structural elements show significant differences. The longest isoforms of both p63 and p73 contain an additional small globular domain that was identified as a SAM domain (31) , which is absent in p53. SAM domains are small protein-protein interaction modules with a tendency to form oligomers (100) . Although the function of the p63 SAM domain is still debated, mutations in this domain cause the Hay-Wells syndrome that is characterized by skin abnormalities such as aleopecia, scalp infections, dystrophic nails, hypodontia, ankyloblepharon, and cleft lip and/or cleft palate (54, 55, 101) . Structure determination of the C terminus of the C. elegans protein CEP-1 revealed the existence of a SAM domain in this protein as well (102) . This similarity between CEP-1 and p63/p73 further supports the notion already suggested by the functional analysis that CEP-1 is more closely related to p63 than p53 and that p63 is the evolutionary oldest mammalian family member (2, 102) .
Structural investigation of the C terminus of CEP-1 revealed additional surprises. A hallmark of the entire p53 protein family is its ability to form tetramers through a specialized oligomerization domain (OD), which seems to be important for its biological function (103) (104) (105) (106) . The OD is a dimer of dimers (107, 108) (Fig. 1) . First, dimers are built through the formation of an antiparallel β-sheet from two monomers, in which each monomer contributes one strand. This small β-sheet is stabilized by two α-helices, one from each monomer, that also arrange in an antiparallel orientation. The final tetramer is created by interaction of the helices of two dimers, forming a four-helix bundle. This arrangement observed in the crystal and NMR structures of the p53 OD (107, 108) was believed to be the prototype for all other members of the p53-protein family. The structure determination of the C terminus of CEP-1 revealed a dimeric OD that consists of one β-strand and one α-helix per monomer and therefore, constitutes exactly one-half of the OD of p53 (102) . The SAM domains of each monomer are closely attached to this OD and crucial for stabilization of the dimer.
CEP-1 is not the only invertebrate p53-like protein that shows low-sequence homology outside of the DBD. Insects have sequences in which the OD cannot be identified from sequence comparison (102) . However, their sequences are shorter and more p53-like. Structure determination of the OD of DMP53 (D. melanogaster p53) revealed that the C terminus contains an OD that forms tetramers, albeit again with a different topology. In DMP53, all secondary-structure elements are doubled: each monomer contains two β-strands and two α-helices; however, the overall structure as a dimer of dimers is conserved (102) . Deletion of either the additional β-strand or the additional α-helix results in the disintegration of the entire domain. Like the CEP-1 OD, the DMP53 OD also needs additional stabilization elements that are absent in p53.
These structural investigations of the ODs of invertebrate members of the p53-protein family suggested that the p53 OD might not be the prototype for the entire family but the evolutionary endpoint. These considerations implied that the ODs of p63 and p73, which are evolutionary older than p53, might also have additional stabilization elements that are not present in the structure of the OD of p53. Structure Residues that are part of the different oligomerization interfaces of p63, p73, and either CEP-1 or DMP53 but are not involved in intersubunit interactions of the p53 OD structure are indicated with an asterisk. (C) The last α-helix (H2 in p63 and p73 and DMP53; H7 in CEP-1) possesses a conserved motif (shown in red and yellow) that is also partially conserved in the C-terminal regulatory domain of p53. Residues that interact with this C-terminal conserved motif are shown in blue and green. Conserved but solvent-exposed residues in the OD of p53 are depicted in pink. They could potentially be involved in interactions with a proposed second helix in the C-terminal regulatory domain of p53 (Fig. 2) determination of the OD of p73, both by NMR spectroscopy (109) as well as x-ray crystallography (110) , revealed the existence of an additional helix at the C terminus of the OD. This additional helix reaches across the tetramerization interface and contacts the other dimer, thus stabilizing the tetrameric structure of the entire tetramerization domain (TD). NMR investigations of the p73 TD without the additional helix revealed that the truncated domain forms an equilibrium of several dimeric and tetrameric species, confirming the importance of the additional helix for maintaining the tetrameric state. Further NMR investigations of the p63 TD confirmed that this domain contains an additional helix as well (109) . As mentioned above, p53-like proteins exist in many invertebrate species (40) (41) (42) ; some of them even contain several genes that can be divided into a more p63/p73-like group and a more p53-like group based on the presence or absence of a SAM domain. Furthermore, sequence analysis suggests the existence of a second helix in the oligomerization domain of many invertebrate proteins as well, showing that the second helix in the oligomerization domain of p53 family members is an evolutionarily conserved structural element. Table S2 summarizes the results of sequence analysis for the most important groups of species.
The discovery of an identical TD architecture of p63 and p73 suggested that both proteins might be able to form mixed tetramers. Investigation by NMR spectroscopy (109) and MS (110) indeed confirmed the existence of such mixed oligomers. Detailed analysis, surprisingly, showed that a heterotetramer consisting of two homodimers is the thermodynamically most stable oligomer (even more stable than both homotetramers) with all other possible heterooligomers also being formed (109) . Interestingly, no interaction between the TD of either p63 or p73 and p53 could be observed, again suggesting a closer evolutionary relationship between p63 and p73.
The heterotetramerization observed in in vitro experiments between the TDs of p63 and p73 might also explain the inhibitory effect of ΔNp63α on TAp73β observed in JHU (Johns Hopkins University)-029 cells, a cell line derived from head and neck squamous-cell carcinoma (HNSCC) (111) . In general, inhibitory effects of ΔN isoforms to TA isoforms have been observed in cell-culture experiments (6) , and overexpression of ΔN isoforms has been found in several cancer types, leading to the suggestion that ΔNp63 and ΔNp73 might act as oncogenes. In most cases, however, a competition for DNA-binding sites by the ΔN isoforms is assumed to be the mechanism of the dominant negative behavior. In some cases, including the interaction between ΔNp63α and TAp73β in JHU 029 cells, however, direct binding has been observed. In addition to binding mediated through the oligomerization domain, mutations in the DNA-binding domain of p53 were shown to result in interactions with p63 and p73, which lead to transcriptional inactivation of both proteins (112) . However, because these mutation-driven interactions do not provide further insight into the evolutionary relationship within the p53 protein family, we do not discuss them here in detail.
The structure determinations of CEP-1, DMP53, and p73/p63 have shown that the OD structure of p53 is the exception rather than the rule for this protein family and represents the current evolutionary endpoint of a domain that is capable of forming stable tetramers, even without additional stabilizing elements. Careful analysis of all three structures with additional stabilizing elements reveals that in CEP-1, the last helix of the SAM domain (helix 7) plays a similar stabilizing role as helix 2 in Dmp53 and p63/p73 (Fig. 1) . Despite some differences in the interaction modes, the interface of helix 2/helix 7 is remarkably conserved throughout the whole p53 family, encompassing two conserved hydrophobic residues and one positively charged amino acid (Fig. S3A) . In each case, the two hydrophobic amino acids make important contacts with other hydrophobic amino acids in helix 1, whereas the positively charged amino acid forms a salt bridge with a negatively charged amino acid in helix 1.
C-Terminal Regulatory Domain of p53 and the p53 Activation Code Interestingly, this conserved set of amino acids in helix 2/7 that is involved in essential stabilizing contacts is also partially conserved in the C-terminal regulatory domain of p53, with L369 and K373 in p53 being equivalent to V386 and R390 in p73. The current model of the activation of p53 is based on the assumption that p53 is kept at low concentrations in normal cells through continuous degradation, for example, by MDM2 (murine double minute 2) and MDMX (17) . On DNA damage or other oncogenic signals, p53 becomes stabilized. Originally, it was believed that, in nonstressed cells, p53 exists in a latent conformation that is not capable to bind DNA G360  G361  S362  R363  A364  H365  S366  S367  H368  L369  K370  S371  K372  K373  G374  Q375  S376  S377  S378  R379  H380  K381  K382  L383  M384  F385  K386  T387  E388  G389  P390  D391  S392  D393 GOR IV helix score (133) . Glutamine was used as an acetyl-mimetic for lysine, and glutamate was used as a phospho-mimetic for serine. (26, (113) (114) (115) . A decisive role in this latent conformation was ascribed to the C-terminal domain (356-393), because deletion of these amino acids or binding of an antibody to this domain increased the DNAbinding affinity (116) . NMR-based structural investigations, however, did not reveal any conformational influence of the Cterminal domain or binding to other p53 domains, thus suggesting that the function of the C-terminal domain is not that of an allosteric regulator (28) . Further studies have suggested that the C-terminal domain interacts with DNA with no sequence specificity and competes with the DNAbinding domain (117, 118) or specifically interacts with damaged DNA (27, (119) (120) (121) . In other studies, it was shown that a negative inhibitory effect of the C-terminal domain could only be observed in small, naked DNA oligomers, whereas no such effect could be seen in larger DNA molecules either with or without bound histones (122) . These data, combined with experiments that showed binding of p53 to non-B-type DNA structures (123) (124) (125) , suggested that the inability of wild-type p53 to bind to short oligonucleotides is caused by the inability of these short DNA molecules to adopt a structure that can be recognized by p53. Modification or deletion of the C-terminal domain might, therefore, be required to allow p53 to adopt a conformation that enables binding to DNA structures that are normally not recognized by wild-type p53.
In light of the structures of the ODs of other members of the p53 protein family and particularly, the structures of the TDs of p73/p63 and the partial conservation of crucial residues in p53, it is intriguing to speculate that activation of p53 entails the formation of a helix in the C-terminal regulatory domain that stabilizes its tetrameric state. This model is further supported by the conservation of two glutamates in helix 1 that are, in p73, part of the interaction interface with helix 2 (Fig. S3B) . Both glutamates are solvent-exposed in the structures of the p53 OD, indicating that they would be able to interact with a potential helix 2. Structural analysis of the C-terminal regulatory domain, however, has not produced any evidence for the formation of a helix so far (28) ; nevertheless, in complex with binding partners, different secondarystructure elements have been observed (Table S3 ). Indeed, secondary-structure prediction of the C-terminal regulatory sequence of human p53 predicts only a weak α-helical propensity with a significant dip at the position of G374, including the two highly conserved lysines (K372 and K373) (Fig. 2) . However, the C-terminal regulatory domain is known to be the target of multiple posttranslational modifications such as phosphorylation, acetylation, methylation, ubiquitination, neddylation, and sumoylation (Table S4) . Mimicking posttranslational modifications in secondary-structure predictions by replacing serines and threonines that are known to become phosphorylated with glutamates and selected lysines that are known to become acetylated with glutamines significantly enhances the α-helical propensity and predicts the existence of a helix from R363 to F385. Interestingly, the predicted helical propensity for this potential helix 2 is almost as high as the predicted helical propensity for the canonical helix 1 of the OD (Fig. 2) . However, it is unlikely that all possible posttranslational modifications will occur simultaneously, and some of these modifications are also mutually exclusive (for example, ubiquitination and acetylation on the same lysine). If posttranslational modifications result in the formation of the second helix that stabilizes the tetrameric state, this helix formation is likely triggered by a special modification pattern. Given the high degree and the different variety of modifications in the C-terminal regulatory domain, the p53-activation code is likely to be complex, possibly even resulting in different structures connected with different functions. A direct influence of the second helix on the function has already been documented for p73: the second helix was found to be preferentially involved in regulating genes involved in cell-cycle progression (126) , which implies that the oligomeric structure might play an important role in the selection of the target genes. Different oligomeric structures might further be stabilized by interaction with proteins that are known to bind to the OD, such as 14-3-3, S100 family members, p34 cdc2 53BP1, or TMS1 (127) (128) (129) (130) (131) (132) . In the case that helix 2 exists in p53, evolution in mammals would have turned a structural element present in p63 and p73 into a switchable element with regulatory functions in p53. Therefore, the evolutionary memory of p53 might be mirrored in structural elements in the C terminus of p53. Investigating the p53-activation code will be an important step in fully understanding the activation process of this most important tumor suppressor.
